Summary The aim of the study was to induce B deficiency symptoms and to relate the generation of reactive oxygen species (ROS) and altered cellular redox environment with the effects of B deficiency in mulberry (Morus alba L.) cv. Kanva-2 plants. Study was undertaken on antioxidant responses, malondialdehyde (MDA) content as an indicator of oxidative damage and ratio of dehydroascorbate (DHA) to ascorbic acid (AsA) as an index of cellular redox environment in B-deficient (0.0 μM) and B-supraoptimal (33 μM) mulberry plants. B deficiency symptoms appeared as upward cupping of the young emerging leaves. Later on, B-deficient plants developed lenticels like cracks on major vein, petiole and stem. B-deficient leaves had higher water potential (Ψ) and relative water content (RWC), contained a lower concentration of B, less chloroplastic pigments and high tissue Fe, Mn and Zn concentrations compared to the controls. Hydrogen peroxide was accumulated in leaves of B-deficient and B-supraoptimal plants. B-supraoptimal plants also showed an increased DHA/AsA ratio. The activities of superoxide dismutase (SOD, EC 1.15.1.1), catalase (CAT, EC 1.11.1.6), peroxidase (POD, EC 1.11.1.7) and ascorbate peroxidase (APX, EC 1.11.1.11) were increased in B-deficient leaves. The activities of SOD and POD were decreased in B-supraoptimal plants. The results suggest that B deficiency aggravates oxidative stress through enhanced generation of ROS in mulberry plants.
Introduction
Boron is an essential mineral nutrient for plants (Marschner 1995) . Boron content in the earth's crust ranges from 20 to 200 μg g ) of dry weight. Plants probably take up B as an undissociated boric acid (Mengel and Kirkby 2001, Hänsch and Mendel 2009) . Boron is a relatively immobile micronutrient, and thus B deficiency symptoms are initiated in young developing parts. Plants growing in B-deficient medium show B deficiency symptoms initially as abnormal or retarded growth of the apical growing points. The leaves and stems of plants become brittle under severe B deficiency, indicating the role of B in the regulation of water relations of plants. The appearance of cracked stems, petioles and sometimes roots and development of scaly surfaces and the formation of internal and external cork-like structures are typical features of B deficiency (Hewitt 1963 , Bennett 1993 . The typical symptoms shown by plants exposed to B excess are reduced vigour, delayed development, leaf burn (chlorotic and necrotic patches in older leaves) and decreased number, size and weight of fruits (Paull et al. 1992 , Nable et al. 1997 . Symptoms of B excess generally begin at the tip and margins and finally spread between the lateral veins towards the midrib. The leaves take a scorched or burned appearance and drop prematurely (Bradford 1966) . Despite the importance of this nutritional disorder, it is not well understood why B is toxic to plants or how tolerant plants avoid B toxicity ). Hayes and Reid (2004) suggested that B-tolerant plants are able to maintain lower root concentration of B and to prevent transfer of toxic amounts of B to the shoot. The mechanism is suggested to be based on the presence of borate anion efflux transporter in the roots. More recently, Miwa et al. (2009) have reported that plants avoid toxic levels of B (>1 mM) by over-expressing BOR1-like proteins that excrete high concentrations of B out of the root cells in order to decrease B concentration in cells/roots.
At the cellular level, B plays a very crucial role in sugar transport, cell wall synthesis, lignification, cell wall structure, carbohydrate metabolism, RNA metabolism, respiration, indole acetic acid (IAA) metabolism, phenol metabolism and membrane transport (Parr and Loughman 1983, Hänsch and Mendel 2009 ). Deprivation of B causes cell death (Matoh et al. 1992 , Koshiba et al. 2009 ). The ability of B to facilitate sugar distribution within plants is related to formation of bo-ric acid complexes with cis-diols including sugars and sugar alcohols which can traverse the cell membranes more easily than the highly polar sugar molecules (Dugger 1983) . Synthesis of cellulose fibre (cell wall) in the ovule of B-deficient cotton plant was found to be low even after supply of UDPglucose (Dugger and Palmer 1980) . Higher amounts of pectic substances and β-1,3 glucan (component of callose) were reported to accumulate in B-deficient plants. Rhamnogalacturonan II (RG-II) is a complex pectic polysaccharide present in the cell wall as a dimer 1:2 borate:diol ester complex (dRG-II-B) (Kobayashi et al. 1996 , Kaneko et al. 1997 , O'Neill et al. 1996 ). The mutant lacking in glucuronyltransferase 1 (needed for glucuronic acid addition to RGII) has reduced formation of dimeric B-RGII and intercellular attachment in meristems and tissues (Iwai et al. 2002 , Ahn et al. 2006 . Moreover, studies using plants with defective borate transporter (Bor1, NIP5;1) elucidated that B is essential for normal growth and development of plants (Goldbach and Wimmer 2007, Kato et al. 2009 ). Boron, therefore, appears to have a structural role in covalent crosslinking of pectins in the cell walls (Kobayashi et al. 1997 , Matoh 1997 , O'Neill et al. 2001 .
Inhibited H + release upon B withdrawal and its recovery upon restoration of B supply in plant tissue culture medium demonstrated the role of B in membrane functions, too (Blevins and Lukaszewski 1998). Boron-induced changes in membrane functions are attributed to boron complexing with membrane constituents (Blevins and Lukaszewski 1998) . Accumulation of various phenolics and an increase in the activity of polyphenol oxidase in B-deficient plants has been reported to generate reactive phenol derivatives (caffeic quinone) and reactive oxygen species (ROS) (Cakmak et al. 1995) . ATPase, RNase, protease, peroxidase, acid phosphatase, polyphenol oxidase (tyrosinase) and dihydrophenylalanine oxidase have also been reported to increase in B-deficient plants (Agarwala et al. 1981 , Sharma et al. 1993 . These enzymes are upregulated during senescence (Kar and Mishra 1976, Veljovic-Jovanovic et al. 2006 ). An accumulation of ROS and lipid peroxides and decrease in the cellular ascorbate pool in B-deprived BY-2 suspension cells of tobacco has recently been reported by Koshiba et al. (2009) . Nonetheless, Koshiba et al. (2009) also found that supplementing lipophilic antioxidants effectively suppressed death of B-deprived cells. These observations suggest that oxidative damage is the major cause of cell death under B deficiency. However, B-deprived BY-2 cells did not display signs of programmed cell death (PCD) such as internucleosomal DNA fragmentation, decreased ascorbate peroxidase expression and protection from death by cycloheximide (Koshiba et al. 2009 ).
Apart from deficiency, toxic concentration of B also causes the formation of ROS and thus induced oxidative stress and membrane damage in barley leaves (Karabal et al. 2003) . B toxicity induces oxidative damage by H 2 O 2 accumulation and lipid peroxidation (Molassiotis et al. 2006 , Gunes et al. 2006 , Cervilla et al. 2007 ). Nevertheless, it has also been shown that B excess inhibited formation of glutathione in the sunflower leaves (Ruiz et al. 2003) and tocopherol in the orange plants (Keles et al. 2004) . A close relationship has been shown between B and ascorbate metabolism (Blevins and Lukaszewski 1998 , Brown et al. 2002 , Cervilla et al. 2007 .
Although these studies suggest that both deficiency and excess of B induce oxidative stress, information regarding responses of mulberry plants to B deficiency could not be found in the literature. Mulberry leaves are used to feed silkworm, whose cocoons yield silk. The aims of the present study were: (i) to describe symptoms of B-deficient phenotype of mulberry for diagnostic purposes and (ii) to find out whether deficiency of B is related with oxidative stress in the mulberry plants showing characteristic symptoms of deficiency of B. This included the study of the effects of deficiency (0.0 μM supply) and supraoptimal (33 μM) supply of B on plant growth, visible effects, dry matter yield, leaf expansion rate, plant water status and tissue concentrations of micronutrients. To study the effects of deficiency or supraoptimal supply of B on oxidative stress, an assessment was made of activities of antioxidative enzymes, concentrations of antioxidant molecules, chloroplastic pigments, hydrogen peroxide and lipid peroxidation and localization of isoforms of superoxide dismutase (SOD) enzyme from the fourth expanded leaves (from the apex) of plants, on native polyacrylamide gel electrophoresis (PAGE).
Materials and methods

Plant material and growth conditions
Mulberry (Morus alba L.) cv. Kanva-2 plants were grown in solution culture under glasshouse conditions. Mulberry plants were grown from cuttings obtained from a single plant. Initially, the cuttings were rooted in acid-washed sand and were supplied with glass-distilled water (GDW). After 25 days, when roots in the cuttings were sufficiently induced, plantlets were transplanted to 20 l plastic buckets (four plantlets per bucket) containing aerated nutrient solution of the following composition (Hewitt, 1966) The salt solutions providing macro-and micronutrients were analytical reagent grade. Water used for work in relation with B deficiency was distilled in 'Manesty' stills with metal lids and baffles (Electronic Engineering Industries, India). GDW was also used for the preparation of nutrient stock solutions other than those used for culture of B-deficient plants and for all other analytical work. The pH of the nutrient solution was maintained at 6.7 ± 0.2. One week after transplantation, pots were grouped into three lots each having four pots with four plantlets in each pot. Lot 2 continued to receive 16.5 μM B and has been considered to be the control. Supply of B to the plants in lots 1 and 3 was 0.0 μM (B-deficient) and 33 μM (B-supraoptimal), respectively. The volume of nutrient solution in the pots was made up daily by Manesty distilled water. The nutrient solution was refreshed every fourth day. The glasshouse conditions during the experiment were: maximum photosynthetic photon flux density (12:00 noon) 1168-1348 μmol m −2 s −1 , daily maximum and minimum temperatures 33.7-41.0°C and 24.5-31.2°C, respectively, and relative humidity (RH) (9:00 AM) 63-79%. The average photoperiod was 12:00 ± 0:20 h. For water relations, enzymes, metabolite and metal analyses, the fourth fully expanded young leaf (from the apex) was sampled at 20 days after treatment (DAT). For dry matter determination, samples were taken at the time of final harvest (i.e., 30 DAT).
Visual observation, dry matter yield and micronutrient concentrations
The visual symptoms were recorded day to day. Finally, 30 DAT, the plants were harvested, separated into roots and shoots and then dried in an oven at 80°C for 48 h and weighed. Fe, Mn, Cu and Zn were analysed in HNO 3 :HClO 4 (10:1 [v/v]) digest of young leaves sampled at 20 DAT, using an atomic absorption spectrometer (AAS). Boron was estimated at 20 DAT by the Azomethine-H method of Wolf (1971) .
Plant-water relations
Water status was evaluated in the leaf tissue of plants by measuring water potential (ψ), relative water content (RWC), specific water content (SWC) and degree of succulence (DS). Samples for ψ were taken between 9:00 and 9:30 AM from the fourth fully expanded leaf. Measurements were made hygrometrically on leaf discs punched from leaves of randomly selected plants using a Wescor (Logan, UT) microvoltmeter (model HR 33T) and C-52 leaf chambers. Determination of RWC was made by weighing fresh leaf discs from the same leaves used for ψ measurement (fresh weight), weighing them again after rehydration for 3 h at 11°C in the dark on GDW (saturated weight) and determining the dry weights after oven drying (Slavik 1974) . The RWC was calculated by the following formula:
Fresh weight−Dry weight Saturated weight−Dry weight Â 100
The determinations of SWC and DS were made by measuring water contents of the leaves per unit dry weight and per unit area of leaves, respectively. The leaf area of the entire leaves was measured with a LI-COR portable area meter model LI-3000A.
Chloroplastic pigments, hydrogen peroxide and lipid peroxidation
For measuring the concentrations of chlorophylls and total carotenoids, 100 mg fresh leaf tissue was extracted in 25 ml 80% (v/v) acetone by the method of Lichtenthaler (1987) . H 2 O 2 concentration was determined as H 2 O 2 -titanium complex formed by reaction of tissue-H 2 O 2 with titanium tetrachloride by the method of Brennan and Frenkel (1977) . Lipid peroxidation was determined according to Heath and Packer (1968) using the thiobarbituric acid (TBA) reaction as indicator of malondialdehyde (MDA) content. The amount of TBA reactive substance (TBARS) was calculated from the difference in absorbance at 532 and 600 nm using an extinction coefficient of 155 mM −1 cm −1 .
Ascorbate and dehydroascorbate
Fresh leaf tissue (250 mg) was homogenized in 2.0 ml of 10% (w/v) trichloroacetic acid (TCA) and centrifuged for 5 min at 10,000 g. (1983) . Dehydroascorbate content was calculated from the difference between total ascorbate and AsA.
Enzyme extraction and protein determination
Fresh tissue (2.5 g) of fourth expanded leaves was homogenized in 10.0 ml chilled 50 mM potassium phosphate buffer (pH 7.0) containing 0.5% (w/v) insoluble polyvinylpolypyrrolidone and 1.0 mM phenylmethylsulfonylfluoride in a chilled pestle and mortar kept in ice bath. The homogenate was filtered through two layers of muslin cloth and centrifuged at 20,000 g for 10 min at 2°C. The supernatant was stored at 2°C and used for enzyme assays within 4 h. For the assay of ascorbate peroxidase (APX) and GR activities, 5.0 mM AsA and 1.0 mM DTT were also included in the extraction medium. The protein concentration in the homogenate was determined in the TCA precipitate according to Lowry et al. (1951) .
Assays of enzymes
The reaction mixtures for different enzymes were: SOD (EC 1.15.1.1) in 5 ml: 25 mM phosphate buffer pH 7.8, 65 μM nitroblue tetrazolium (NBT), 2.0 μM riboflavin, enzyme extract [equivalent to 20 mg fresh matter (80 μl) with water (220 μl)], and 15 μl N,N,N′,N′-tetramethylethylenediamine (TEMED), and the reaction mixture was exposed to light of 350 μmol m −2 s −1 for 15 min. SOD activity was assayed by measuring its ability to inhibit the photochemical reduction of NBT. The change in absorbance was measured at 560 nm (modified from Beauchamp and Fridovich 1971 
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Native PAGE was carried out to separate SOD isoforms. Cleared enzyme extract was resolved on 10% native gel with discontinuous buffer system, and SOD was localized using the photochemical method of Beauchamp and Fridovich (1971) . The developed gel was scanned on a Bio-Rad imaging densitometer model GS-690, and the densitogram was recorded using Multi-Analyst software from Bio-Rad. The transmittance peaks through the achromatic zones of SOD activity in different treatments are provided along with the respective lanes of the gel.
Statistical analysis
All results are the mean of six replicates. The data were subjected to analysis of variance (ANOVA) and tested for significance by Tukey's test using Sigma-stat software.
Results
Visible effects
Deficient (0.0 μM) supply of B decreased size of the young leaves of plants ( Figure 1A) . B-deficiency symptoms appeared in the apical portion of plants after 15 days of deficient supply. B deficiency caused uneven expansion of leaf laminae resulting in cup-shaped leaves ( Figure 1B) . The apices of leaves were bent to hook-like structures, and the midrib and veins of leaves were bent unevenly and cracked at some positions ( Figure 1B, C and E) . The petiole and stem of B-deficient plants developed numerous lenticels like cracks ( Figure 1D ). The plants supplied with supraoptimal (33 μM) B did not exhibit any visible effect of toxicity ( Figure 1A ).
Plant growth, leaf water status and micronutrient concentration
The increase in supply of B from 0.0 to 16.5 μM to the mulberry plants increased plant height and leaf area expansion rate (Table 1) supply, while supraoptimal supply of B increased it (Table 2) . Moreover, leaf water potential (Ψ) was increased both at deficient and supraoptimal supplies of B (Table 2) . While B deficiency decreased leaf fresh weight to dry weight ratio, supraoptimal supply of B increased it ( Table 2 ). The concentrations of Fe, Mn, Cu and Zn increased in B-deficient young leaves. The concentration of B increased with increasing supply of B in young leaves (Table 3) .
Chloroplastic pigments
The concentrations of total chlorophyll and chlorophylls a and b were decreased significantly in B-deficient plants ( Figure 2A) . A significant decrease in the carotenoid concentration in B-deficient plants was observed. While chlorophyll a/b ratio was enhanced in B-deficient leaves, there was no significant change in carotenoids/chlorophyll ratio ( Figure 2B ). The supraoptimal supply of B, however, did not cause any significant change in chlorophyll b and carotenoid concentrations compared to control (Figure 2A ).
Ascorbate, hydrogen peroxide and lipid peroxidation
The concentration of AsA was significantly decreased in Bdeficient plants. B-supraoptimal plants showed a non-significant increase in DHA and total ascorbate concentration ( Figure 2C ). DHA/AsA ratio was increased particularly in B-supraoptimal plants ( Figure 2D ). The concentration of H 2 O 2 was increased both in B-deficient and B-supraoptimal plants ( Figure 3A ). MDA equivalent of TBARS was not changed significantly in B-deficient plants ( Figure 3B ).
Antioxidative enzymes
Deficient supply of B increased SOD activity, whereas B-supraoptimal plants showed decreased SOD activity ( Figure 4A ). The increases in the intensities of certain isoform on PAGE also exhibit increased activity of SOD particularly in B-deficient plants ( Figure 5 ). The activities of CAT and APX increased significantly in both B-deficient and Bsupraoptimal plants ( Figure 4B and D) . The activity of POD increased in B-deficient and decreased in B-supraoptimal plants ( Figure 4C ).
Discussion
Although deficiency of B has recently been reported to induce oxidative stress in suspension-cultured BY-2 cells of tobacco (Koshiba et al. 2009 ), we had already demonstrated accumulation of ROS and oxidative damage in B-deficient mulberry leaves (Tewari 2004) . No other information is available about oxidative stress in B-deficient mulberry plants.
Deficient supply of B suppressed plant growth, reduced biomass production and produced visible symptoms. The effects of B deficiency were observed initially on the young emerging leaves and subsequently on older leaves and stem. The development of symptoms of B deficiency on younger parts of the plant is attributed to the poor mobility of B (Marschner 1995) . However, in some plant species (Malus, Prunus, Pyrus and Citrus), B is a rather mobile element due to the formation of polyol-B-polyol complex (Hu et al. 1997 , Boaretto et al. 2008 . Significantly decreased concentration of B in the young leaf tissue of B-deficient mulberry supports the fact that B is rather immobile in this plant and that the symptoms displayed by mulberry plants were specific to B deficiency. Concentration of B in B-deficient mulberry was similar to the average required concentration for most other plants. This observation suggests that mulberry has a higher B requirement. The plants supplied with supraoptimal B did not exhibit any visible effect of toxicity; however, they presented decreased plant height. Enhanced production of ROS might have accelerated the development of B deficiency specific symptoms like necrosis and cracks in the stem and petioles of B-deficient plants. A similar hypothesis has been proposed previously for Cu- (Tewari et al. 2006b ) and Zn- (Tewari et al. 2008 ) deficient mulberry plants. The oxidizing environment created due to elevated generation of ROS may lead to senescence or tissue necrosis (Schafer and Buettner 2001) . Suppressed plant height and decreased biomass production in B-deficient plants may partly be attributed to the loss of photosynthetic pigments, accumulation of H 2 O 2 and disturbed redox status (increased DHA/AsA ratio). Potential toxicity of increased DHA concentration has already been reported (Paciolla et al. 2001) . However, growth suppression under B deficiency in mulberry might be a direct developmental impairment in the growth of meristematic tissues because of inhibited IAA and cell wall biosynthesis (Hänsch and Mendel 2009 ).
The observations made here for B-deficient mulberry are contrary to the observations of Sharma and Ramchandra (1989) and Sharma and Sharma (1987) with other plant species where B-deficient plants have been reported to have lower water potential and total water content and a higher water saturation deficit. An improvement in water content per unit leaf area in the B-deficient plants suggests induction of succulence (Larcher 1980) . Similar induction of succulence has also been reported in the leaves of Zn-deficient plants (Sharma et al. 1995 , Tewari et al. 2008 . The concentrations of Fe, Mn, Cu and Zn increased in B-deficient leaves of mulberry plants. The concentration of B was dependent on B supply level and increased with increasing supply of B in the leaves.
A marked decrease in the concentration of chloroplastic pigments was observed in B-deficient plants. The supraoptimal supply of B, however, did not cause any significant change in chlorophyll b and carotenoid concentrations. The observed decrease in chlorophyll concentration in B-deficient leaves is in consonance with the earlier findings of Pandev et al. (1981) and Sharma and Ramchandra (1990) . A marked decrease in the concentration of carotenoids resulted in a decline in carotenoid/chlorophyll ratio in B-deficient mulberry leaves. Accumulation of H 2 O 2 in the leaves of B-deficient plants is suggestive of enhanced production of ROS in the mulberry leaves showing characteristic symptoms of B deficiency. Similar increases in H 2 O 2 concentration have been reported under deficiencies of macronutrients (Tewari et al. , 2006a (Tewari et al. , 2007 and micronutrients, Fe (Tewari et al. 2005) , Cu (Tewari et al. 2006b ) and Zn (Tewari et al. 2008) . B-deficient mulberry leaves had increased tissue concentration of Fe too, which has been suggested to be an essential requirement for lipid peroxidation (Stohs and Bagchi 1995) . Accumulation of Fe in B-deficient plants may cause lipid peroxidation similar to that in Zn-deficient mulberry plants (Tewari et al. 2008) . The concentrations of AsA and total ascorbate decreased significantly in B-deficient plants, while B-supraoptimal plants showed an increase in DHA and total ascorbate concentration. A similar decrease in ascorbate concentration has been reported recently by Koshiba et al. (2009) (Noctor and Foyer, 1998) , are likely to predispose B-deficient plants to oxidative challenges.
SOD activity was increased by B deficiency and decreased by supraoptimal supply of B. The increases in the intensities of certain isoforms of SOD on native PAGE also exhibit increased activity of SOD particularly in B-deficient plants and suggest that deficiency of B predisposed plants to oxidative stress. The increases in total activity of SOD on native gels were attributable to intensification of pre-existing achromatic bands. A similar increase in SOD activity has previously been reported under the deficiencies of macronutrients (Tewari et al. , 2006a ) and other micronutrients viz. Fe (Iturbe-Ormaetxe et al. 1995 , Tewari et al. 2005 , Cu (Murao et al. 2004 , Tewari et al. 2006b ) and Zn (Tewari et al. 2008) . It is suggested that enhanced ROS generation due to nutrient deficiencies was responsible for transcriptional activation of genes. ROS have been hypothesized to serve as subcellular messengers in gene-regulatory and signal transduction pathways (Allen and Tresini 2000) and have been implicated in the modulation of gene expression by redoxmediated transcription factors (Dinesh-Kumar et al. 1995) .
Increase in the activity of APX in B-deficient plants is indicative of activation of ascorbate-glutathione cycle in these plants. Other H 2 O 2 metabolizing enzymes-CAT and POD-were also upregulated by deficient supply of B to mulberry plants. H 2 O 2 status in the B-deficient plants was higher than the controls despite the observed increases in the activities of H 2 O 2 scavenging enzymes. This high H 2 O 2 concentration together with the high concentration of Fe in the B-deficient leaves might have triggered activation of Fenton/Haber-Weiss reaction, generation of OH˙radical and lipid peroxidation in B-deficient leaves. However, increases in the activities of antioxidant enzymes have minimized oxidative stress to a certain extent. SOD and POD activities were decreased in the plants supplied with supraoptimal (33 μM) B. Moreover, B deficiency has been shown to induce certain peroxidases which themselves are involved in generation of H 2 O 2 (Marschner 1995) .
Conclusions
Deficiency of B suppressed growth and decreased dry matter yield of mulberry plants. Characteristic visible symptoms (reduced apical growth, upward cupping and reduction in lamina size) on young leaves were observed in B-deficient plants. Deficient supply of B increased both Ψ and RWC and induced oxidative stress by increasing ROS generation and disturbed status of redox couple (DHA/AsA ratio). B-deficient plants upregulated the activities of antioxidative enzymes-SOD, CAT, POD and APX-to minimize oxidative stress to a certain extent.
